A capillary modified by assembling a molecular film was presented for the chiral separation of sertraline by microemulsion electrokinetic chromatography. The assembling molecular film was constructed with poly(diallyldimethylammoniumchloride) and β-cyclodextrin via inclusion complexation. The separation efficiency of cis-trans isomers and enantiomers of sertraline was improved with a running microemulsion that contained the acetonitrile, sodium dodecyl sulfate, n-butanol and n-hexane buffered with sodium tetraborate. The baseline separation of four sertraline cis-trans isomers and enantiomers was achieved under the optimum conditions. The detection limit for isomers and enantiomers of sertraline (1S,4S, 1R,4R, 1S,4R, 1R,4S) was 0.15, 0.15, 0.30, 0.30 mg/L, respectively. The mechanism of chiral separation was studied and it could be applied for the determination of commercial Zoloft tablet samples satisfactorily.
Introduction
It was well known that the biological activities and availabilities of enantiomers are usually different. 1 The separation of enantiomers has been very important for pharmaceutical researches.
Compared with high-performance liquid chromatography (HPLC), capillary electrophoresis (CE) had been proven to be a more reliable and versatile analytical technique for chiral separation due to its high efficiency and low consumption. 2, 3 Microemulsion electrokinetic chromatography (MEEKC), one kind of improved CE methods that employs a surfactant in the background electrolyte, had been proposed as a useful technique for chiral analysis. 4, 5 So far, MEEKC had been widely used in the separation of drug enantiomers as well an isomers. [6] [7] [8] In these cases, the coupled utilization of a surfactant with different forms or derivatives of cyclodextrins (CD), 9 has played significant roles for obtaining high separation efficiency. On most occasions, derivatives of β-CD, such as hydroxypropyl-β-CD, methyl-β-CD or sulfated β-CD, were the preferable candidates. However, the application of native β-CD in MEEKC was yet meaningful to be studied because of its outstanding advantages, such as being inexpensive, and having versatile resolvent applicability and geometrical compatibility for guest molecules of interesting pharmaceuticals.
The composited molecular films with polymer were also efficient for capillary separation.
Polymers such as poly(dimethylsiloxane), poly(methylmethacrylate), poly(diallyldimethylammoniumchloride) (PDDAC) and poly(styrene sulfonate) had been reported in papers. Among them, PDDAC was in most common use. For example, a capillary coated with PDDAC protected gold nanoparticles, and was used for the separation of heroin. 10 A PDDAC-AChE-PDDAC layer-by-layer assembling reactor was reported for enzyme inhibitor screening.
11 Also a PDDAC-Gox-PSS immobilized on-column enzyme reactor was studied for the selective determination of substrate 12 or microfluidic devices. 13, 14 Sertraline hydrochloride (cis-1S,4S-N-methyl-4-(3,4-dichlorophenyl)-1,2,3,4-tetrahydro-1-naphthalenaminehydrochloride) was one of the oral drugs belonging to selective serotonin (5-hydroxytriptamine, 5-HT) reuptake inhibitors (SSRIs) in the brain. 15 Sertraline has two chiral carbons, resulting in four stereo isomers, which can be seen as follows. Here, the structure of 1S-4S was the main active ingredient. Therefore, the stereo-selective separation of sertraline was very important to ensure a therapeutic investigation and pharmaceutical quality control.
So far, GC, GC-MS, HPLC, CE and some assembled techniques had been applied in the separation and determination of sertraline and its metabolites in biological fluids or environmental aquatic matrices. separation could be achieved by the CE method with CDs 27 or hydroxypropyl-β-CD and sodium deoxycholate in the running buffer. 9 Meanwhile, remarkable difficulties were indicated for the separations of 1S-4S, 1R-4R, 1S-4R and 1R-4S with only one chiral additive.
The assembling molecular film of β-CD enfolded polymer on the surface of a capillary was expected to provide a higher separation efficiency with MEEKC. In this study, a PDDAC/β-CD assembling molecular film-modified capillary was used for the chiral separation of sertraline. The MEEKC separation efficiency was improved by the modified capillary. The proposed method was tested in applications for the determination of commercial Zoloft tablet samples. Moreover, the separation mechanism was discussed by the means of Raman spectroscopy etc.
Experimental

Instruments and chemicals
All experiments were carried out in a Beckman P/ACE MDQ capillary electrophoresis system (Fulletron, USA) equipped with a UV detector. A 60-cm fused-silica capillary with dimension of 50 μm i. All of the reagents used in this study were of analytical grade, unless specially stated. PDDAC (Mw <100000, 35wt%, in water) was purchased from Aldrich (Milwaukee, WI). Standard stock solutions of all enantiomers and isomers of sertraline hydrochloride were prepared by dissolving 50 mg standard samples in a 50-mL (75% v/v) ethanol aqueous solution, and stored in the dark at 4 C. They would be diluted to the desired concentration with the running buffer and filtered through a 0.22-μm syringe filter before use.
Preparation of the assembling molecular film modified capillary
According to the general procedure from a reference, 28 a new capillary was firstly rinsed with 0.1 mol/L NaOH for 20 min and subsequently with water for 10 min to clean the capillary and activate the surface silanol groups. It was then rinsed with a 0.1% (v/v) PDDAC aqueous solution for 10 min and kept for 5 min. After it was washed with water for 3 min to flush out any excess coated PDDAC, a 1% (w/v) β-CD aqueous solution was pumped through for 10 min and then kept for 5 min. After this, any unimmobilized β-CD was flushed out from the capillary with water. Before separation, the coated capillary was preconditioned with a running buffer for 15 min and rinsed with this running buffer for 3 min between repeating runs.
Results and Discussion
Optimization of assembling molecular film
The resolution (Rs) was the effective standard for evaluating the separation. The most important factors, the quantities of PDDAC and β-CD for molecular assembling modification on the capillary surface, were studied at a constant background electrolyte of the microemulsion system (its optimization will be reported in a following part of this paper) consisting of 20 mmol/L sodium tetraborate (pH 8.84), 1.2% (w/v) SDS, 21.0% (v/v) n-butanol, 18.0% (v/v) ACN, and 0.8% (w/v) n-hexane. The results of Rs vs. the concentrations of PDDAC and β-CD are illustrated in Figs. 1 and 2 , respectively. It was found that Rs between enantiomers and isomers increased quickly with an increase of the PDDAC concentration at a constant β-CD concentration of 1% (w/v). The effects were remarkable within the concentration range from 0.02 to 0.1% (v/v), but somewhat inefficient if the concentration exceeded 0.1% (v/v). The optimal concentration of PDDAC was thus chosen to be 0.1% (v/v). In Fig. 2 , a sharp increase of Rs of 1S,4S and 1R,4R or 1S,4R and 1R,4S can be observed with increasing β-CD concentration at a PDDAC concentration of 0.1% (v/v); meanwhile, the Rs of 1R,4R and 1S,4R was slightly decreased. As the optimal concentration of β-CD as 1% (w/v), all four analytes could be baseline separated.
Microemulsion composition optimization
Since sertraline enantiomers and isomers possessed similar chemical structures and poor water solubility, they were necessary to be separated in a pseudo-stationary phase. As is well known, ionic micelles are the most-accepted pseudo-stationary phases in micellar electrokinetic chromatography (MEKC). A β-CD-MEKC method has been reported to separate the cis and trans diastereoisomers of sertraline and their enantiomeric. 9 MEEKC is an improved CE mode based on MEKC. 29 It was performed in a microemulsion buffer consisting of oil, surfactant, cosurfactant, electrolyte, and water. Neutral solutes could be separated by partitioning between the oil core of a droplet and aqueous buffer, and the separation of charged analytes depended on their electrophoretic mobilities, partition coefficient, and electrostatic interaction with the charged microemulsion droplets. MEEKC had an advantage over MEKC owing to an enhanced solubilization capacity for highly lipophilic compounds. Furthermore, it could be realized by varying of the type and concentration of the surfactant, oil, and cosolvent so as to adjust the microemulsion composition for promoting of the separation selectivity of some nonpolar solutes. 30 Based on these experiences about the MEEKC, it could be expected that more efficient separation is possible upon optimization of the microemulsion composition.
Among the microemulsion composition, SDS was the most frequently used emulsifier surfactant. 31 The effect of the SDS concentration on the separation of sertraline isomers and enantiomers was investigated in the range from 0.8 to 2.0% (w/v) at an n-butanol concentration of 21% (v/v). A high SDS concentration could greatly reduce the surface tension for obtaining a stable microemulsion, and consequently increased the solubility of sertraline in the oil droplets. Also, the higher SDS concentration resulted in a higher migration mobility opposite to the EOF because of the negatively charged droplet surface. As shown in Fig. 3 , the separation efficiency of sertralines was improved and the migration time of the analytes was increased when the SDS concentration was increased from 0.8 to 2.0% (w/v). Considering the analytical speed, the long-term stability of the microemulsion, and the current response, further experiments were carried out with a SDS concentration of 1.2% (w/v).
n-Butanol was the most frequently employed co-surfactant in microemulsion formation. In MEEKC, the oil droplet size was increased with an increase of the co-surfactant concentration. Also the charge density on the oil droplet was hence affected. 32 However, the oil droplet was loosened at a too high co-surfactant concentration, which led to a decrease of the microemulsion stability. In our experiment, the microemulsion was stable when the n-butanol concentration was in the range of 20 to 23% (v/v) at a SDS concentration of 1.2% (w/v). Thus, 21% (v/v) n-butanol was chosen as being optimal.
n-Hexane was selected as the oil phase. The migration time of the analytes was slightly increased and the resolution was not changed significantly when the oil concentration was increased from 0.5 to 1.0% (w/v) as the SDS, and n-butanol concentrations of 1.2% (w/v) and 21% (v/v), respectively. Also when the oil concentration was higher than 1.0%, the microemulsion was unstable. Thus, 0.8% (w/v) n-hexane was selected.
In our experiment, it was shown that the separation efficiency and the migration time were obviously influenced by ACN concentration (Fig. 4) .
While other conditions remain unchanged, the microemulsion was transparent and stable as the ACN concentration in the range from 12 to 21% (v/v). Considering the efficiency, the resolution and analysis time, 18% (v/v) ACN was chosen in further experiments.
Optimization of background electrolyte and electrophoresis conditions
As in other CE modes, the buffer pH was an important factor for separation in MEEKC. The effect of the buffer pH on EOF was investigated in the pH range from 7.0 to 9.8. It was found that the migration times were decreased with an increase of the buffer pH (see Fig. 5 ), which was attributed to the increasing EOF.
When the pH was below 8.0, Rs between the isomers were was 50 mg/L. The others were the same as in Fig. 1 . Fig. 4 Electropherograms of sertraline enantioseparation using MEEKC at different concentrations (v/v) of ACN in the microemulsion buffer: (1) 12, (2) 15, (3) 18, (4) 21%. The others were the same as in Fig. 3 .
high. However, a drifted baseline and a long analytical time were found. In the range of pH 8.0 to 8.84, the separation efficiency was not affected, and the separation was fast. Oppositely, the analytes could not be finely separated within pH 9.0 to 9.8. Thus, pH 8.84 was selected as the optimum. Thus, 20 mmol/L sodium tetraborate (pH 8.84) was selected as the optimal running buffer. The separation voltage was investigated from 15 to 25 kV. With the separation voltage increasing, EOF was increased and the migration time was reduced, but the separation efficiency was decreased. A higher separation efficiency could be obtained at a lower voltage with a longer analytical time; 20 kV was then chosen as a suitable separation voltage in our experiment.
The analytical properties of the separation and determination
The stability of the separation could be investigated according to the RSD of EOF or the migration time. 33 Since the PDDAC/β-CD modified capillary was used continuously for two weeks, the day-to-day (n = 5) RSD of EOF was 0.53% and the RSD values of the sertraline cis-trans isomers and enantiomers (1S,4S, 1R,4R, 1S,4R, 1R,4S) migration times were 0.61, 0.75, 0.82 and 0.93%, respectively, showing the good reproducibility of the modified capillary. Under the optimal conditions, the RSDs of the peak area for 1S,4S, 1R,4R, 1S,4R, 1R,4S of sertraline isomers were 1.5, 1.3, 1.8 and 1.9% (n = 3), respectively, which also indicated good stability of the modified capillary.
To determine the quantitative response of enantiomers of sertraline, a series of standard mixture solutions of each enantiomer were tested. The detection limits were evaluated for an S/N ratio of 3.0. The results of linear regression and the detection limits are summarized in Table 1 .
Typical electropherograms of a mixed standard solution are shown in Fig. 6 (curve 1).
Sample analysis and recovery
Zoloft tablets were accurately weighed. They were then dissolved in 25 mL of a 75% (v/v) ethanol aqueous solution. The solution was filtered through filter paper, and then diluted with the running buffer to 100 mL. After being filtered through a 0.22-μm syringe filter, the solution sample was electrokinetically injected into the capillary for separation and determination (curve 2 in Fig. 6 ). The average content of sertraline (1S,4S) in tablets was then determined for 50.2 mg/tablet; the RSD was 2.7% (n = 3), which was in agreement with the labelled amount (50 mg per tablet). The recovery results are listed in Table 2 .
Discussion on separation mechanism
The Raman spectra of PDDAC, β-CD and their mixture at the optimum concentration ratio were investigated for clearly understanding the molecular interactions between PDDAC and β-CD (Fig. 7A) . It was seen that PDDAC had several obvious scattering peaks at 790, 1450 and 2900 cm -1 , but the β-CD had only one peak at a wave number of 2900 cm -1 . It was then observed that two scattering peaks of PDDAC at 790 and 1450 cm -1 were distinguishably weakened on the spectrum of PDDAC/β-CD. In fact, the two strong peaks at 790 and 1450 cm -1 are attributed to the scattering of C-H bonds of methyl. Therefore, it could be deduced that the dimethylamino group of PDDAC (>N(CH3)2 + ) was encased into the cavity of β-CD.
Also, from Fig. 7 it is meaningful that the decrease in the Raman scattering strength of the dimethylamino group of PDDAC occurred after molecular assembling with β-CD for an ), the y value is the peak area (mAU s -1 ). Fig. 6 Electropherograms of a mixed standard solution (1) and commercial Zoloft tablet of sertraline (2) . The others were the same as in Fig. 3 . evaluation of complexation ratio. It could be calculated that about 76% of those groups formed the complex with β-CD from the peak-area ratio. As is well known, β-CD consists of 7 glucose molecules. It is a cage-shape molecule with a hydrophobic inner cave of about 0.7 to 0.8 nm of diameter, and hydrophilic rims there were abundant -OH groups mounted on. The guest molecules or groups are generally included into its cavity from the end of a wide rim. The process of molecular assembling film formation and the structure of the cavity inclusion complex of PDDAC/β-CD is shown in Fig. 7B .
The efficient separation of sertraline isomers using molecular film of PDDAC/β-CD in a microemulsion system was attributed to the charging circumstance of the stationary phase. As illustrated in Fig. 5 , the migration time of EOF decreased with an increase of the buffer pH in the investigated range of 7 -10. Therefore, the separation of sertraline isomers was influenced by the buffer pH, which could impact the mass transfer between the microemulsion phase and the stationary phase. The literature also reported a similar phenomenon, when a chiral cyclodextrin-modified microemulsion electrokinetic capillary electrophoresis was carried out for the enantiomeric separation of esbiothrin. In there the migration times of analytes were also decreased with an increase of the buffer pH in the range of 7 -11. 34 The difference between the reference and the present work is that the chiral cyclodextrin was added in the running microemulsion buffer.
The used running buffer of microemulsion was an oil-in-water (O/W) system, and there were abundant negative charged sulfonate groups of SDS on the micelle surface. SDS was able to interact with oppositely charged polyelectrolytes because electrostatic interactions. 35, 36 A certain amount of negative charged micelles was adsorbed on the assembling molecular film by unenfolded PDDAC to act as quasi-stationary phases. With an increase of the buffer pH, the negative charges of the SDS emulsion were increased on account of the loss of protons from the surface layer of the emulsion, which led to an increase of the interaction between the SDS emulsion with a positive in charged wall and a decreased migration time of EOF, as shown in Fig. 5 . Too low and too high EOF values were both unsuitable for the separation of sertraline and thus the optimize buffer pH 8.84 was chosen.
It was concluded that the combined application of a microemulsion and a PDDAC/β-CD molecular assembling film provided a modified surface morphology and charging circumstance. The enhanced separation efficiency between different enantiomers resulted from the different advantage of this assembling molecular film and the microemulsion.
Conclusion
A novel assembling molecular film of PDDAC/β-CD modified capillary was described for the successful separation of sertraline isomers and enantiomers by MEEKC. The optimal conditions, such as the ratio of PDDAC to β-CD in molecular film, microemulsion composition, buffer pH and concentration, and applied separation voltage were systematically studied. The present approach had been used to determine sertraline in Zoloft tablets with satisfactory result; it can hopefully be applied to the analysis of more enantiomers and drug metabolites.
